Abstract: Orthogonal frequency division multiplexing (OFDM) is a candidate modulation technique to achieve high-speed data transmission in visible light communication systems that provide both illumination and downlink data transmission. This paper proposes a method called polarity-header optical OFDM (PHO-OFDM) specially designed to account for the nonlinear response of the LED transmitters. To make the transmitted signal positive, as required for intensity modulation and direct detection systems, a signal header containing the sign information of the bipolar OFDM signal is transmitted followed by the amplitude of the signal. The binary sign information can be encoded and transmitted via a few samples using M-ary pulse-amplitude modulation. The amplitude of the OFDM signal that is larger than the maximum LED power is sent in a subsequent frame to reduce the nonlinear distortion due to peak-power clipping. Furthermore, illumination requirements are taken into account, and their effects on the system performance are discussed. This paper also considers the overhead cost of adding a cyclic prefix to minimize intersymbol interference in dispersive channels. Compared with state-of-the-art optical OFDM techniques, the proposed PHO-OFDM achieves a better BER performance and higher data throughput, and provides a larger illumination flexibility.
Introduction
Visible light communications (VLC) provide a short-range wireless communications alternative that uses light-emitting diodes (LEDs) as transmitters to satisfy both lighting and downlink connectivity. It has attracted much attention in recent research due to its advantages over radio-frequency (RF) communications [1] - [3] . VLC systems are immune to RF interference, benefit from no spectrum regulation, introduce little power consumption in addition to the lighting system, can offer highly secure connections, and potentially provide high-speed data transmission. Most lighting systems and displays have recently begun using LEDs as light sources because of their energy efficiency and long life expectancy. Therefore, VLC has the potential to provide wireless connections for Internet of things (IoT) applications. However, since the light emitted from LEDs is non-coherent, and the LEDs are nonlinear optical devices with peak transmitted power and bandwidth limitations, these device characteristics must be considered when designing a modulation scheme with high spectral efficiency for LED-based VLC systems.
Orthogonal frequency division multiplexing (OFDM) has the potential to provide high spectral efficiency for bandlimited optical communication systems due to its resistance to inter-symbol interference (ISI) [4] - [8] . For VLC systems, only intensity modulation and direct detection (IM/DD) can be used, which requires the transmitted signals to be non-negative and real-valued. In conventional RF OFDM, the transmitted signals are complex-valued. Therefore, classical RF OFDM techniques cannot be adopted directly in VLC systems, and thus, optical OFDM suitable to VLC systems need to be explored.
Variants of standard OFDM techniques have been proposed for VLC systems. DC-biased optical OFDM (DCO-OFDM) is one of the most significant and commonly used schemes because of its simplicity [9] - [11] . For DCO-OFDM, a constant optical power is added as a DC offset to the bipolar OFDM signal to make it non-negative. Asymmetrically clipped optical OFDM (ACO-OFDM) generates a non-negative signal suitable for VLC systems by only modulating the odd-numbered frequency subcarriers [12] . Since only a half of the subcarriers are used, the bandwidth utilization efficiency of ACO-OFDM is much lower than DCO-OFDM [13] , [14] . Unlike DCO-OFDM, ACO-OFDM can achieve a lower peak to average power ratio (PAPR), and no DC-bias is required. In [15] , a fractional reverse polarity optical OFDM (FRPO-OFDM), based on ACO-OFDM, is proposed for dimmable VLC systems. Unipolar OFDM (U-OFDM), also known as Flip-OFDM [16] , has been proposed to create non-negative signals by transmitting the positive and negative parts of the bipolar OFDM signals via two adjacent frames [16] , [17] . Similar to U-OFDM, non-DC biased OFDM (NDC-OFDM) proposes to use two LEDs to transmit the positive and negative parts of the OFDM signal at the same time [18] . Clipping-enhanced optical OFDM (CEO-OFDM) uses an extra time slot to transmit the clipped portion of the signal so that the distortion caused by the peak power limit is reduced [19] . These OFDM techniques introduced above use Hermitian symmetric data at the input to the inverse fast Fourier transform (IFFT) to generate a real OFDM signal from the complex-valued data sequence [7] . A polar-based optical OFDM for IM/DD systems is presented without using Hermitian symmetric data in [20] , where unipolar signals are generated by transmitting the magnitude and phase information successively.
We recently proposed a polarity-header optical OFDM (PHO-OFDM) for IM/DD systems in [21] in which the sign information of the real-valued bipolar OFDM samples is encoded and transmitted using M-ary pulse amplitude modulation (M-PAM) in a signal header. Then, the magnitude of the bipolar signal is sent following the header. In this paper, we expand on [21] in the following ways. We combine the polarity-header and clipping-enhanced ideas into a PHO-OFDM with clippingenhancement (CE), named CE-PHO-OFDM. In addition, the bandwidth-limiting transfer function of the LED, which affects communication performance, is considered and analyzed. A pulse shaping algorithm and minimum mean squared error (MMSE) filter, presented in [22] , is applied to the M-PAM modulated signal header, which significantly reduces the inter-symbol interference (ISI) within the header. In this paper, the ISI is caused by the bandlimited channel due to the slow rise-time of LEDs. We also explore how to add a cyclic prefix to diminish the ISI between OFDM signal frames. This paper discusses and compares the system performance of state-of-the-art optical OFDM schemes with the proposed CE-PHO-OFDM through bandlimited channels. The effects of dimming on the BER performance of CE-PHO-OFDM is also discussed as compared to other optical OFDM techniques.
The remainder of the paper is organized as follows. Section 2 describes the research scenario, which includes models of the nonlinearity and bandwidth limitations of LEDs, and illumination requirements for VLC systems. The principles of the proposed CE-PHO-OFDM and its performance are described in Section 3, including the effects of a bandlimited channel and illumination requirements. Numerical results and conclusions of the paper are presented in Sections 4 and 5, respectively.
VLC Systems Description
This section describes the VLC system, including the assumptions made about the transmitter, channel, and receiver. Illumination requirements of VLC systems are then discussed.
VLC System Model
In the proposed system, LEDs are used as the transmitters since they are currently commonly used for lighting. 1 LEDs, driven by a forward current that is easily modulated, can work as light sources and transmitters simultaneously in VLC systems. However, the output optical power and the drive current are nonlinearly related, and the maximum power is constrained by the current saturation, which may lead to severe clipping distortion. Below the maximum optical power, the relationship between the input and the output of the LEDs can be linearized using a pre-distorter that is assumed to be used in this paper [24] . We model the optical power as proportional to the input current over a range of 0 to P max .
The slow rise-time of lighting LEDs constrains the bandwidth of the whole VLC system [25] . In this paper, bandlimited LEDs are modeled as first-order lowpass devices, and a bit loading algorithm is applied to the OFDM to optimize the throughput despite the bandlimit [26] . A cyclic prefix is also applied to the OFDM frames to diminish the ISI between two frames of adjacent OFDM symbols [27] .
Because of reflections of the light off walls and other reflective surfaces, the indoor VLC channel impulse response consists of line-of-sight (LOS) and non-LOS (NLOS) components. The intensity of the emitted light from LEDs follows the Lambertian rule with a given LED beam-width [28] . At the receiver, the received optical power is affected by the irradiation and incident angles, propagation distance, and the field of view of the receiver. For a given room geometry, a ray-tracing algorithm can use these properties to calculate the indoor impulse response numerically [28] . The multi-path effects caused by the light reflections result in signal fading at around 100 MHz for a typical indoor environment [29] .
At the receiver, a photodetector (PD) is used to convert the received optical signal to a current signal. The responsivity represents the conversion ratio that in this paper is set to one to simplify the calculations. We assume the bandwidth of the PD is wide enough so that it does not distort the signal.
Effects of Illumination Requirements
Since illumination and wireless access can be simultaneously provided by VLC systems, the effects of different illumination requirements on the communication performance must be taken into account. The Illuminating Engineering Society of North America specifies that the standard illumination level for indoor areas, such as living rooms or hospital operating rooms, varies from a few tens of lux to tens of thousands of lux [30] .
In VLC systems, the illumination level is determined by the average transmitted power. Therefore, unlike RF communication systems, minimizing the transmitted power is no longer a design criterion for VLC systems. Considering the peak radiation power constraint and the clipping distortion, maximizing the signal to noise ratio (SNR) for a given average transmit power must be considered instead.
PHO-OFDM System With Clipping-Enhanced Scheme
This section describes the principles of the proposed CE-PHO-OFDM. Then, the effects of bandlimited LEDs and illumination requirements are discussed. 
Transmitted Signal
To reduce the peak power clipping distortion, the proposed CE-PHO-OFDM transmits a signal header and two frames for each OFDM signal symbol: the magnitude of the bipolar OFDM signal, and the clipped portion of the original bipolar signal. In this section, the transmitted signal model for CE-PHO-OFDM is described.
A block diagram of the transmitter for the proposed system is shown in Fig. 1 . In this section, to simplify the notation, we analyze the signal in one symbol time ignoring, for now, the requisite cyclic prefix (CP). For PHO-OFDM, M-ary quadrature amplitude modulation (M-QAM) is applied to the data for a high modulation efficiency. We assume that X i is the M-QAM data at the i th subcarrier. To make the transmitted signal real, we create a Hermitian symmetric data vector, where X i must be the conjugate of
where N is the number of subcarriers. This vector is input to an inverse fast Fourier transform (IFFT), where the mth sample of the bipolar output is denoted as x[m], represented as
where β is a parameter used to set the modulation index that controls the scale of the bipolar OFDM signal. Considering the peak power constraint, the modulation index can be optimally chosen to trade off the signal power and the peak power clipping distortion. An example of the bipolar signal x[m] is shown in Fig. 2(a) . When N is large (usually greater than 64), x[m], m = 0, 1, . . . , N − 1 can be modeled as independent Gaussian distributed random variables with zero mean and variance σ 2 x that can be calculated as σ
d is the variance of X i , ∀ i , and |X i | ≤ 1. The sign information (positive and negative signs) of the bipolar OFDM signal is Bernoulli distributed and can be represented as a sequence of independent binary data. The sign information of the example bipolar signal in Fig. 2(a) is illustrated in Fig. 2(b) . This binary sequence is encoded by using M-PAM, since the system must use IM/DD, and transmitted in a signal header. The magnitude of the bipolar signal is transmitted as a frame following the signal header. As shown in Fig. 2(c) , signals with absolute values greater than the peak radiation power constraint, P max , must be hard clipped. In the proposed technique, the clipped portion is saved and transmitted in a second frame, following the magnitude of the bipolar signal. For a fixed OFDM symbol rate, transmitting the two frames and one header results in a higher bandwidth required compared to DCO-OFDM (only one frame for each OFDM symbol).
The number of samples in the signal header, L , is a design parameter that determines the modulation constellation size, M h , used to encode the binary sign information, where M h = 2 N /L . Therefore, the mth sample in the signal header using M-PAM can be represented as
, . . . , P max }. The larger the size of the modulation constellation used to encode the sign information, the fewer number of samples needed in the header, which requires a lower bandwidth for a given symbol rate. The signal header and two frames (the magnitude of the bipolar signal and its clipped portion) concatenate to form the transmitted signal. Thus, the CE-PHO-OFDM signal can be represented as
where ϕ(x) represents the constrained LED response function, which is modeled as
The signal x PHO [m] can be modeled as a random process. The probability mass function of the samples in the header is
The probability density function of the signal following the header is given by [19] 
The function U (x, , P max ) = u(x − ) − u(x − − P max ), where u(·) represents the unit step function. The function erfc(·) is the complementary error function, which is defined as erfc 
Received Signal
At the receiver, the mth sample of the discrete-time received signal can be represented as
where h [m] represents the mth sample of the discrete-time system impulse response. In this paper, we assume the channel response is dominated by the LED, which can be estimated perfectly.
The operation " * " represents discrete-time convolution. ρ is the responsivity of the photodetector (PD). n y [m] is the additive noise on the mth sample of the received signal, which is assumed to be Gaussian and white with zero mean and variance σ 2 n = (L + N )N 0 R s , where R s is the transmitted QAM symbol rate, and N 0 is the noise power spectral density.
A block diagram of the receiver structure is shown in Fig. 3 . After the signal header is decoded, the sign information is used to reconstruct the original bipolar signal; the latter can be modeled based on the Bussgang theorem as [31] 
where α(β) is a constant coefficient that describes the power loss due to the peak power clipping, which can be calculated as
ψ(x) is a nonlinear function that can be represented as
n r [m] is the mth sample of the effective noise after reconstructing the data. The variance of n r [m] is 2σ 2 n . The term n clip [m] represents the mth sample of the residual clipping noise caused by the peak power clipping after applying the clipping-enhanced technique, which can be modeled as a Gaussian distributed variable with zero mean and variance [32] 
where σ 2 s (β), the effective noise variance on a signal sample, is given by
Performance Analysis
The performance of the system after reconstructing the M-QAM data from the received signal is analyzed in this section. Using optimally shaped pulses for M-PAM transmission of the signal header, its received signal to interference plus noise ratio (SINR) γ h can be calculated as in [22] ,
where w represents the minimum mean squared error (MMSE) equalizer filtering the signal header at the receiver. σ 2 ISI is the signal distortion due to ISI given in [22, Eq. (12)]. Therefore, the error rate of the binary sign information in the header is approximated as [33] p
This value is used to compute the quantization noise in (11) . Considering the channel bandwidth limitation, the SINR for the i th subcarrier after the FFT can be calculated as
where H is the Fourier transform of h , and H [i ] represents the channel frequency response for the i th subcarrier. In this paper, a one-tap equalizer at the receiver is applied to each subcarrier to compensate the phase distortion caused by the dispersive channel. Given the SINR, the bit error rate (BER) for the data on the i th subcarrier can be approximated as [34] 
where M (i ) is the constellation size of the M-QAM data modulated on the i th subcarrier. For a given number of samples in the header, the maximum bit rate can be obtained by optimizing the number of bits loaded on each subcarrier. For each subcarrier, the modulation constellation size is maximized given an acceptable BER. With the help of forward error correction (FEC) coding, the acceptable uncoded BER is usually set to 10 −3 [35] . 
Illumination, Dimming and Flickering
For VLC systems, the illumination requirements are critical and need to be considered. Since the average optical power determines the illumination level, it is used as a criterion for illumination. The modulation index and the number of samples in the header establish the average optical power, which can be calculated as
Since the average optical power for the signal header is P max /2, a larger L leads to an overall average power closer to P max /2. For a given L , the modulation index of the OFDM frame β is used to change the average power for dimming control. Considering the data transmission performance and the illumination requirement, the modulation index can be optimally chosen. Flicker is perceptible by humans when the average optical power of the frames changes less than 30 times per second, which implies an OFDM symbol rate of no less than 10 symbols per second for the proposed CE-PHO-OFDM. VLC is designed to transmit at high data rates; therefore, flicking should not be perceptible.
Cyclic Prefix
A cyclic prefix (CP) is commonly used to reduce ISI between OFDM symbols when the channel is bandlimited compared to the symbol rate. For the proposed CE-PHO-OFDM, since the header and two frames are transmitted to represent one OFDM symbol, several CPs need to be included, one for the frame carrying the signal magnitude and one for its clipped portion. A zero-padding guard interval (GI) is required for the header to avoid ISI from the previous OFDM symbol.
The time-domain waveform of the proposed CE-PHO-OFDM without the CPs or the GI is illustrated in Fig. 2(c) , including the header and the clipped portion; the waveforms for CEO-and U-OFDM, also without the CPs, are given in [36, Fig. 2 ]. In one OFDM symbol, the signal structure of the proposed CE-PHO-OFDM with the required CP and GI is illustrated in Fig. 4 as compared with PHO-, DCO-, ACO-, U-and CEO-OFDM when transmitting the same amount of QAM data. DCO-OFDM only needs one CP per OFDM symbol since one frame is used for each OFDM symbol. ACO-OFDM requires two OFDM symbols to send the same amount of data as DCO-OFDM does in one symbol; thus, two CPs are needed. U-and CEO-OFDM need two and three CPs per OFDM symbol, respectively, due to their corresponding number of frames for each OFDM symbol. Compared with DCO-, ACO-, U-and CEO-OFDM, PHO-OFDM needs one GI and one CP per OFDM symbol, which is bandwidth efficient. The proposed CE-PHO-OFDM needs one more CP than PHO-OFDM.
Numerical Results and Discussions
Numerical results on the performance of the proposed PHO-OFDM are given in this section, and compared with ACO-, DCO-U-, and CEO-OFDM as benchmarks. For all results, the channel is assumed to be known. Without loss of generality, the channel loss is taken to be unity. We first test the case where the channel bandwidth is not effectively limited for the intended symbol rate. Then, the case of a bandlimited channel is considered. To make the comparisons fair, the input symbol rate for techniques that use the same modulation, i.e., the data rate, is the same. The results shown are derived from the analysis given above; they have been validated through simulation. Unless otherwise noted, the parameters used to obtain the numerical results are shown in Table 1 .
Infinite Channel Bandwidth
In this paper, we define the bandwidth efficiency η as the ratio of the transmitted QAM symbol rate to the required bandwidth, as measured by N divided by the number of time samples needed in the optical OFDM scheme to represent one OFDM symbol. For the infinite channel bandwidth case, a CP is not necessary and thus has no impact on the bandwidth efficiency. Therefore, the bandwidth efficiencies of CE-PHO-OFDM and PHO-OFDM are η CE−PHO = N 2N +L and η PHO = N N +L , respectively. They are functions of the number of samples in the header, which depends on the modulation constellation size for the header.
By optimally adjusting the modulation index, β, a minimum BER can be achieved. The minimum BER of the techniques tested is compared in Fig. 5 , plotted as a function of their bandwidth efficiency. The number of samples in the header affects the BER performance of PHO-OFDM. Using the parameters considered in this figure, L = 32 provides the best BER for CE-PHO-OFDM and PHO-OFDM. When L is small compared with N , the header requires a high level M-PAM, which is highly susceptible to errors, degrading the overall performance. When L is larger, more bandwidth is required for transmitting the same symbol rate; thus, more additive noise is introduced. Using 64-QAM data, the proposed CE-PHO-OFDM results in the lowest BER among the techniques tested due to the higher SINR achieved by the low bandwidth required and the lower clipping distortion. Comparing similar performances, CE-PHO-OFDM with L = 16 using 128-QAM data can provide 15% higher data rate than DCO-, ACO-, U-, CEO-polar-based OFDM and PHO-OFDM using 64-QAM by using a larger data modulation constellation size. , respectively. The bandwidth efficiency of PHO-OFDM (without CE) is higher than ACO-, U-and polar-based OFDM, while CE-PHO-OFDM has a lower bandwidth efficiency. When the number of samples in the header is small, the bandwidth efficiency of PHO-OFDM (without CE) is close to DCO-OFDM. Similarly, the bandwidth efficiency of CE-PHO-OFDM is higher than CEO-OFDM; it approaches the bandwidth of ACO-, U-and polar-based OFDM when a small number of samples is used in the header.
The figure also shows that a similar minimum BER can be achieved by the proposed CE-PHO-OFDM using 128-QAM as the other techniques can achieve using 64-QAM. Using the larger modulation constellation size, 128-QAM, a higher throughput can be achieved. The BERs of the other techniques using 128-QAM are not shown as they are significantly higher than using 64-QAM, and of little practical interest. Fig. 6 shows a BER comparison of DCO-, ACO-, U-, CEO-, PHO-, CE-PHO-and polar-based OFDM for different average optical powers for a transmission at twice the symbol rate than above. In this figure, the modulation index is controlled to adjust the average optical power, related to the illumination level; for CE-PHO-OFDM,P is computed using (17) . For the other modulation schemes, it is given in [10] , [12] , [19] , [21] . The average optical power that determines the illumination level is normalized by the peak power (P /P max ). For all the techniques tested, increasing the average power first improves the BER performance; then, further increasing the average power by increasing the modulation index introduces more clipping distortion due to the peak radiation power constraint, which degrades the system performance. For DCO-OFDM, the normalized average power is a constant for any modulation index since a fixed DC-offset is added to the signal, and the average power is set to half of the peak power. Compared to DCO-, ACO-, U-and polar-based OFDM, PHO-OFDM can provide a better minimum BER performance. With the help of CE, CE-PHO-OFDM outperforms PHO-OFDM without CE by transmitting the clipped information. Although DCO-and polar-based OFDM provide a higher average optical power than PHO-OFDM when optimized, for this ambitious symbol rate their BERs are higher than the FEC threshold, using the parameters given in this paper, and thus they cannot support acceptable communication services. The proposed CE-PHO-OFDM can provide a relatively high illumination level as well as an excellent BER performance. 
Finite Channel Bandwidth
Since commercial lighting LEDs are severely bandlimited, the overall indoor VLC channel response is dominated by the light sources; a CP is therefore needed to avoid ISI. In this paper, we model the channel response as equivalent to the LED response, which is modeled as a first-order lowpass filter with a few tens of MHz of bandwidth. In this section, the OFDM bit loading algorithm described in [13] is applied. Fig. 7 shows a throughput comparison of DCO-, ACO-, U-, CEO-, PHO-and CE-PHO-OFDM considering a bandlimited channel. In this figure, an increasing number of subcarriers is tested for the techniques discussed; for each case, the modulation index and symbol rate are optimized to maximize the data rate. A maximum BER of 10 −3 is used for the bit loading algorithm. Employing a large number of subcarriers, N , increases the throughput since the required CP and GI (independent of N ) decrease the transmission efficiency. From the results, the maximum data rate achieved by PHO-and CE-PHO-OFDM is lower than DCO-, ACO-and U-OFDM for a small number of subcarriers. As the number of subcarriers increases, however, the CP and GI occupy a smaller proportion of the OFDM symbol, and the transmission efficiency is improved. According to the results, the optimized throughput of PHO-and CE-PHO-OFDM outperform the optimized throughput of DCO-, ACO-and U-OFDM by about 30% when N ≥ 128. CE-PHO-OFDM can provide about 6% higher data rate than PHO-OFDM (without CE) even though PHO-OFDM has a higher bandwidth and transmission efficiency than CE-PHO-OFDM; this is due to the ability of CE-PHO-OFDM to minimize the effects of nonlinear distortion.
Conclusion
In this paper, we propose an improved polarity-header OFDM scheme for visible light communication systems considering a peak radiation power constraint. In the proposed method, the sign information of the bipolar OFDM signal is transmitted in a signal header. After the header, the magnitude of the bipolar signal is sent, followed by the clipped portion of the magnitude of the bipolar signal, used to diminish the peak clipping distortion caused by the peak power constraint. The binary sign information in the header is encoded using M-PAM and transmitted using a few samples to improve the bandwidth efficiency. The illumination requirements are taken into account in this paper, and their effects on the BER performance are discussed. According to our numerical results, CE-PHO-OFDM can achieve more than two orders of magnitude lower BER than DCO-, ACO-, U-, CEOand polar-based OFDM when the same data modulation constellation is used. Considering the illumination requirements, PHO-and CE-PHO-OFDM can provide higher illumination levels than ACO-, U-and CEO-OFDM when their corresponding minimum BERs are met. Although DCOand polar-based OFDM can provide higher illumination levels than CE-PHO-OFDM, their BER performances are considerably worse than PHO-and CE-PHO-OFDM. For bandlimited channels, cyclic prefixes and guard intervals are added to prevent degradation due to ISI. Based on numerical results using the parameters given in this paper, the throughput of the proposed CE-PHO-OFDM is lower than DCO-OFDM when the number of subcarriers is less than around N = 128. For a larger number of subcarriers, the effects of CP and GI can be ignored, and CE-PHO-OFDM provides the highest data rate among the techniques tested, about 30% higher than DCO-, ACO-and U-OFDM.
